This paper presents a novel model of tremor in Parkinson's disease (PD) based on extensive literature review as well as novel results stemming from functional stereotactic neurosurgery for the alleviation of tremor in PD. Specifically, evidence that suggests the basal ganglia induces PD tremor via excessive inhibitory output to the thalamus and altered firing patterns which in turn generate rhythmic bursting activity of thalamic cells is presented. Then, evidence that the thalamus generates PD tremor by facilitating the generation and consolidation of rhythmic bursting activity of neurons within its nuclei is also offered. Finally, evidence that the cerebellum may modulate characteristics of PD tremor by treating it as if it was a voluntary motor behavior is presented. Accordingly, the current paper proposes that PD tremor is induced by abnormal basal ganglia activity; it is generated by the thalamus, and modulated or reinforced by the cerebellum.
Introduction
Parkinson's disease (PD) is a multi-symptomatic syndrome in which almost all patients will experience tremor at a given time in the disease process (Jankovic, 2008; Deuschl et al., 1996; Rajput et al., 1991) . The clinical manifestation of PD can vary; some patients will show tremor at the onset of disease, which may eventually disappear, while others will be plagued with tremor that will increase in amplitude as the disease progresses (Hughes et al., 1993) . Of note, only a minority of patients will present with a true akinetic form of the disease, without any history of clinically-visible tremor (Martin et al., 1973) . The tremor experienced by patients with PD will usually be present when the limb is at rest; when the hand or arm is supported, or dangling freely without muscle contraction to counteract gravity (Jankovic, 2008; Deuschl et al., 1998; Daneault et al., 2013a) . This tremor at rest tends to disappear upon movement initiation, but may re-emerge once the patient has reached the endpoint of his or her movement (Jankovic et al., 1999; Duval, 2006) . This re-emergent tremor may occur even though the patient maintains a muscle contraction to counteract gravity. The spectral characteristics of this re-emergent tremor are very similar to that of rest tremor (Deuschl et al., 1998; Daneault et al., 2013a; Jankovic et al., 1999; Duval, 2006; Duval et al., 2000; Duval et al., 2006; Duval et al., 2005; Henderson et al., 1994) . In addition, patients with PD may exhibit action tremor (Louis et al., 2001) , a clinical manifestation that we previously observed during slow voluntary movements (Duval et al., 2004) . It is important to note that tremor remains the most difficult symptom to treat, as it does not respond well to dopamine replacement therapy compared to other PD symptoms (Koller et al., 1994; Fishman, 2008) . To date, surgery remains the most effective treatment for tremor alleviation as lesions in the motor cortex (Bucy, 1945) , thalamus (Duval et al., 2000; Duval et al., 2006; Duval et al., 2005; Benabid et al., 1987; Boecker et al., 1997; Fox et al., 1991; Giller and Dewey, 2002; Hurtig and Stern, 1985; Matsumoto et al., 1984; Mosso and Rand, 1975; Narabayashi, 1989; Scott et al., 1970; Tasker et al., 1997) , subthalamic nucleus (STN) (Alvarez et al., 2005; Alvarez et al., 2009; Coban et al., 2009; Gill and Heywood, 1997; Merello et al., 2008; Patel et al., 2003; Su et al., 2003; Tseng et al., 2007) or internal globus pallidus (GPi) (Coban et al., 2009; Svennilson et al., 1960; Bronstein et al., 1999; de Bie et al., 2002a; De Bie et al., 2002b; Esselink et al., 2004; Esselink et al., 2006; Hariz and Bergenheim, 2001; Intemann et al., 2001; Samuel et al., 1997; Vitek et al., 2003; Kishore et al., 1997; Laitinen et al., 1992; Lozano et al., 1995) were all shown to reduce or eliminate this symptom of PD. High-frequency stimulation of those same targets (Benabid et al., 1987; Esselink et al., 2004; Esselink et al., 2006; Deiber et al., 1993; Fukuda et al., 2004; Meissner et al., 2005; Ponce and Lozano, 2010) and others (Peppe et al., 2008; Sadikot and Rymar, 2009; Taira, 2012) is also effective in managing PD tremor. Why surgery is efficient in treating tremor will be addressed in more detail later in this paper.
The neural origin of PD tremor (here we are focusing on classical tremor that is present at rest) remains poorly understood. Still, numerous studies have investigated its final common mechanical pathway characteristics, revealing the presence of one main oscillation dominating the spectral signature, usually located between 4 and 6 Hz (Rajput et al., 1991; Deuschl et al., 1998) . This tremor is largely independent from external influences, such as loading, indicating that it is centrally generated (Deuschl et al., 1996; Homberg et al., 1987; Meshack and Norman, 2002; Burne et al., 2004) . Its amplitude can also fluctuate over time, within seconds or minutes (Beuter and Vasilakos, 1995a; Beuter and Vasilakos, 1995b) . Neuronal correlates of PD tremor were also studied in animal models and in humans during surgical procedures. Neural activity related to tremor was observed in numerous brain regions, including the basal ganglia (BG) (Amtage et al., 2009; Amtage et al., 2008; Hurtado et al., 1999; Hutchison et al., 1997; Helmich et al., 2011) , thalamus (Helmich et al., 2011; Lenz et al., 1988; Bertrand and Jasper, 1965) , cortex (Volkmann et al., 1996; Helmich et al., 2011; Timmermann et al., 2003) and cerebellum (Helmich et al., 2011; Timmermann et al., 2003) . Several hypotheses have been put forward to explain how PD tremor is generated and propagated. While attempts were made to involve peripheral or spinal networks (Walker, 1952) , there is now a consensus that PD tremor is generated by one or several supraspinal oscillators (Helmich et al., 2012; Brittain et al., 2015; Cagnan et al., 2014) . Recently, Helmich et al. (2011) observed brain activity within the cerebello-thalamo--cortical network that co-fluctuated with PD tremor amplitude. They also observed that the onset and offset of PD tremor correlated with GPi activity. This led them to suggest that the BG induces changes in neuronal activity within the cerebello-thalamic network which generates PD tremor. In a subsequent study, Helmich et al. (2012) tested patients presenting with natural fluctuations of tremor amplitude during fMRI. The objective was to assess brain activity during tremor and compare it to periods where tremor was absent. They were able to demonstrate that changes in BG activity preceded the appearance of PD tremor. Changes in PD tremor amplitude was however associated with a change in the cerebello-thalamo-cortical network activity. They concluded that PD tremor is generated by the BG and that it is modulated by the cerebello-thalamo-cortical network. Accordingly, they proposed a "dimmer-switch" model where the BG generates PD tremor and where the latter is modulated in amplitude by the cerebello-thalamo-cortical network. This is an elegant proposition that provides an integrated network involving key brain structures that were identified as playing some role in PD tremor. However, this model, and the experiments that led to its development, did not provide answers about the true source of PD tremor, and a recent study by Cagnan et al. (2014) suggests that this model may be incomplete. Indeed, it is currently not known which structure(s) within the BG, if any, are responsible for generating PD tremor. This is clearly important to attempt the development of improved treatments for this debilitating symptom.
2. An amendment to the "dimmer-switch" model of PD tremor Below, we will present evidence that will enable us to propose a refined version of the "dimmer-switch" model; the "finger-switchdimmer-" model; where PD tremor is induced by pathological BG activity (the finger), it is generated by changes in thalamic activity (switch) and modulated by cerebellar activity (dimmer). In order to set the stage for our model, we first present evidence that the thalamus is key to the development of PD tremor. In the experiments presented below, PD tremor was measured using a laser displacement sensor days prior to functional stereotactic neurosurgery, during surgery, and one week postoperatively. The majority of the results from these experiments has previously been published (Duval et al., 2000; Duval et al., 2006; Duval et al., 2005) , except for the data related to proprioception, which was presented only in abstract form (Duval et al., 2013) . Detailed characteristics of the subjects can be found in (Duval et al., 2005) and each subject signed an informed consent form approved by the institutional research ethics board.
3. Surgical evidence for building the "finger-switch-dimmer" model of PD tremor
The first evidence that the thalamus is central to PD tremor comes from the obvious impact of creating a lesion in one specific thalamic nucleus, the posterior portion of the ventral lateral (VLp), or ventral intermediate (VIM) nucleus depending on the nomenclature used (Hassler, 1959) .
Effect of thalamotomy on tremor oscillations
We previously demonstrated that performing a thalamotomy could precisely target centrally-driven oscillations related to PD tremor (Duval et al., 2000; Duval et al., 2006; Duval et al., 2005) . The intervention also prevented the resurgence of centrally-driven oscillations related to physiologic tremor once tremor amplitude was normalized (Duval et al., 2000) . We were then able to suggest that the VLp nucleus of the thalamus was implicated in generating the supraspinal components of tremor. To come to that conclusion, we compared post-surgical tremor spectral signatures with those of age-and gender-matched healthy individuals with normal physiologic tremor. We also ensured that epochs of tremor being compared had the same amplitude. For PD patients, the impact of the surgical procedure on tremor was seen immediately after the lesion, and was still effective postoperatively. Clinically, if the tremor did not reappear one to two months after surgery, it generally does not reappear within that particular limb. These experiments were conducted at the Montreal Neurological Institute, where the tailored lesion in the VL is performed using a leukotome, which when combined with a searching electrode generating monopolar stimulation, allows the surgeon to identify and avoid thalamic sensory and pyramidal motor areas around the VL (Atkinson et al., 2002; Sadikot et al., 2011; St-Jean et al., 1998 ). Thus, we were able to show that the lesions included the VLp, which represents the optimal target for tremor, but also encroached on the anterior portion of the ventral posterior lateral (VPLa) nucleus Atkinson et al., 2002) (Fig. 1 ). This thin shell is known to receive deep proprioceptive projections from the spinal cord and cerebellum (Asanuma et al., 1983; Chung et al., 1986) , and represents a key target for long-term success of the surgery in our experience (Atkinson et al., 2002) . Great care was taken not to lesion the VPL by monitoring sensory function in the awake patient. In this series of patients, the lesions avoided the internal capsule and most of the centromedian nucleus, but extended somewhat in the anterior portion of the VL (VLa), which is known to receive GPi projections (Kuo and Carpenter, 1973; Parent, 1996) . Macro-stimulation and the ensuing sensory and motor responses from the patient were used to map the lesion extent a priori. These results strongly suggest that the thalamus plays a key role in PD tremor since creating a lesion within its nuclei eliminates centrally-driven tremor oscillations.
Effect of thalamotomy on motor performance
The motor performance of patients undergoing VL thalamotomy was also tested prior to, and one week after surgery (Duval, 2002) . In one task, patients had to follow a target on a computer screen by moving a cursor with slow pronation and supination movements while holding a ball attached to an angular displacement sensor (Duval et al., 2004) . Rotational sensors had an accuracy of 0.33°, which allowed us to detect tremor during movement. We were able to demonstrate that the removal of tremor, which we considered as noise within the voluntary motor stream, led to a major improvement in accuracy during the manual tracking task which was proportional to the amplitude of tremor prior to surgery .
The same patients were also asked to perform rapid alternating movements (RAM) ; a measure of core bradykinesia (Daneault et al., 2013b ) and a task intimately linked to BG activation (Johnson et al., 2000; Mink and Thach, 1991; Johnson et al., 1998 ). For . In C, example of finger tremor pre-surgery (top), difficulty in maintaining finger position post-lesion (middle) and stable finger position without tremor one week after surgery (bottom). Note the difference in spectral characteristics pre-and post-surgery. In D, collective results of ten patients regarding tremor amplitude (top) and variability in finger position measured by variability in the signal (bottom). Oneway repeated measures analysis of variance showed significant differences (p b 0.05) (top and bottom). Tukey's post hoc revealed that tremor amplitude was significantly lower after surgery (p b 0.05) (top). Tukey's post hoc also revealed that tremor variability increased significantly right after the lesion but then significantly lowered one week post-surgery (p b 0.05) (bottom). Note that post-lesion, patients were more inclined to have difficulty maintaining a horizontal position that even prior to surgery (tremor was filtered out before calculation of finger position variability). Accordingly, immediately after leukotome-induced lesion, there was a loss in the ability of patients to maintain the index finger in a static horizontal position, due to the lesion in the proprioceptive shell of the VPLa. This loss of proprioception recovered completely by one week post-surgery. this task, they were asked to perform fast pronation and supination movements at the wrist while using the same apparatus as described above. Interestingly, the surgical lesion did not modify the characteristics of either amplitude or velocity of these fast movements. Specifically, patients performance was unchanged, remained slower and was of smaller amplitude than healthy controls. These results suggested that the lesion within the VLp did not affect the control network of voluntary movements but instead specifically affected the network associated with PD tremor (Duval, 2002) .
Effect of thalamotomy on proprioception
Proprioception was also tested, before surgery, immediately after the lesion while the patient was still in the operating room, as well as one week post-lesion. Note that some of the pre-surgery recordings were done just prior to the lesion being performed in the operating room. Here, patients were simply asked to maintain their finger in a horizontal position with eyes closed. For the pre-surgery recordings, patients were instructed to make abstraction of the tremor and try to keep their finger in a stable position. Finger position was captured with the laser displacement sensor. If patients deviated from the initial position, they were given an auditory feedback to make corrections. For presurgery recordings, tremor was filtered out in order to determine the ability of the patient to maintain their finger in a horizontal position. Fig. 1 shows that immediately after the lesion, patients had difficulty maintaining initial finger position, but this ability recovered fully one week post-surgery. In fact, even while tremor amplitude was significantly reduced post-lesion, a significant increase in variability was observed. One week post-surgery, tremor amplitude remained low but variability was now also lower than before surgery. Note that the intra-operative results were not due to fatigue or anesthesia effects as patients were alert and only received local anesthesia at the site of the burr hole. Results demonstrated that creating a lesion in the VL thalamus only transiently affected proprioception. This indicates that the central nervous system incurs neuroplastic reorganization to retrieve lesion-induced loss of proprioceptive function despite the lesion being located within the cerebellar recipient of the thalamus (VLp) and the deep proprioceptive shell (VPLa).
The role of the thalamus in PD tremor based on thalamotomy outcomes
The aforementioned data clearly demonstrates that the accuracy during a manual tracking task was not hindered by the surgical procedure but rather, it improved proportionally to the amount of tremor reduction induced by the surgery . Also, a lesion in the VLp, and partial lesion within the VLa did not impact upon the ability to generate RAM , which is known to be associated with BG activation (Johnson et al., 2000; Mink and Thach, 1991; Johnson et al., 1998) . Finally, although proprioception was impaired following the thalamic lesion, this was restored one week postoperatively.
Then, one important question arises; why does the neuroplasticity or redundancy of pathways that allows for improvements in accuracy, unchanged RAM performance, and the recovery of proprioceptive function not allow for the reappearance of PD rest tremor after functional stereotactic lesion of the thalamus that included the VLp and part of the VLa and VPLa?
The answer may lie in the idea that the thalamus is not only a key element in tremor generation, but represents an essential epicenter. Below, we discuss how the BG may induce tremor by creating an environment favorable to rhythmic bursting within the thalamus, how tremor oscillations may be generated within specific thalamic nuclei as well as propagated and reinforced within other thalamic nuclei. Finally, we will readdress the role of the cerebellum in enhancing and modulating PD tremor. Here, we will argue for a different role than previously reported for the cerebellum. We will propose that tremor is perceived as an intended voluntary movement by the cerebellum, which then modulates tremor amplitude by using its ability to compare the cortical command with that of the sensory feedback.
How may the BG induce PD tremor?
Burst firing of thalamic neurons has been demonstrated to provide a nonlinear amplification of sensory signals (Guido and Weyand, 1995) . Neurons in the thalamus are well known for their ability to oscillate at tremor frequency (Llinas, 1988; Llinas et al., 2005) when there is a modulation of thalamic excitability through hyperpolarization or reduction in excitatory drive (Pare et al., 1990; Llinas et al., 2005) . For decades now, it has been known that the output of the BG, mainly the GPi, is hyperactive in PD (Albin et al., 1989; DeLong, 1990; Crossman, 1987; Obeso et al., 1997; Filion and Tremblay, 1991) . The Gamma aminobutyric acid (GABA) inhibitory projections towards the thalamus are massive, and induce a reduction of thalamo-cortical activity in these patients (Albin et al., 1989; DeLong, 1990; Crossman, 1987; Obeso et al., 1997) . This leads to rhythmic bursting activity at tremor frequency (hereafter only referred to as rhythmic bursting activity) within the thalamus of PD patients. Several years ago, Pare et al. (1990) suggested that the hyperactivity of inhibitory output of the GPi towards the thalamus may be responsible for inducing low-threshold calcium spike activity of thalamic cells (Fig. 2) . This elegant, yet simple explanation of PD tremor was challenged over time for two main reasons: the discovery of cells rhythmically bursting at tremor frequency in BG structures (Amtage et al., 2009; Amtage et al., 2008; Hurtado et al., 1999; Hutchison et al., 1997) , and the fact that the main target of GPi projections, based on monkey tract-tracing studies, is the VLa (Kuo and Carpenter, 1973; Nauta and Mehler, 1966; Carpenter and Strominger, 1967) , not the VLp, the principal target for surgical tremor suppression. Nonetheless, this evidence clearly demonstrates that changes in firing rate of the GPi can lead to rhythmic bursting activity within the thalamus.
In addition to the aforementioned evidence, a recent computational model study suggests that rhythmic bursting activity observed within the GPi of PD patients (Hurtado et al., 1999; Hutchison et al., 1997) also increases the likelihood of rhythmic bursting activity within thalamic neurons (Reitsma et al., 2011) . This indicates that not only altered firing rates within the GPi but also altered firing patterns within the GPi can lead to rhythmic bursting activity within the thalamus. Therefore, more than one pathological mechanism associated with PD may induce bursting in thalamic neurons. Again, however, the fact that the GPi projects to the VLa rather than the VLp cannot explain how thalamic lesions of the latter may eliminate tremor. Nevertheless, the aforementioned evidence clearly demonstrates that the thalamus; in this case the VLa, Fig. 2 . Since neurons in the thalamus are known for their bursting activity, the most likely explanation is that lack of dopamine in PD may produce abnormal inhibition of the VL through polysynaptic mechanisms and result in rhythmic firing of tremor cells in the VL (Pare et al., 1990 ).
can consolidate oscillatory activity stemming from the GPi into rhythmic bursting activity. Below, we present evidence that local neural networks within the thalamus could actually propagate bursting activity to neighboring neurons, the cortex, and BG.
How can rhythmic bursting thalamic activity be transmitted between thalamic nuclei?
The consolidation of oscillatory activity within thalamic neurons has been studied for many years, especially as it relates to sleep-wake states (Steriade et al., 1993; Steriade, 2005) and epileptic activity (Steriade, 2005) . In short, there are many relay nuclei that can either induce bursting activity in neighboring neurons, or simply relay bursting activity that is already present. Indeed, while studies have demonstrated that some thalamic neurons have intrinsic properties that allow them to oscillate (Llinas, 1988; Llinas and Jahnsen, 1982) , it is the interaction of those oscillatory neurons with other neurons that can transform this isolated activity into rhythmic bursting activity (Steriade and Llinas, 1988) . Such transfer of oscillatory activity is possible by the complex set of thalamo-cortical relay neurons, inhibitory cells as well as local interneurons. In fact, reciprocal connectivity between inhibitory and excitatory neurons has the potential to create strong oscillatory circuits. For instance, reticular neurons have strong inhibitory projections to thalamo-cortical neurons responsible for relaying information to the proper cortical areas. Furthermore, those thalamo-cortical neurons send excitatory collaterals to the reticular neurons, enhancing inhibitory activity to the thalamo-cortical output neurons. Accordingly, there is a reciprocal inhibitory and excitatory loop involving the reticular nucleus and thalamo-cortical neurons. Since thalamo-cortical neurons can show strong post-inhibitory rebound responses, the strong inhibitory input from the reticular nucleus could generate rebound bursts of action potential (Huguenard and McCormick, 2007) . Widespread thalamic synchrony could then be possible by convergence and divergence of inhibitory and excitatory relay neurons within the thalamus. This bursting activity can be reinforced by cortico-thalamic projections to the reticular nucleus. This network is illustrated in Fig. 3 .
How is bursting thalamic activity transmitted to the cortex?
In Section 4, we have shown that hyperactive inhibitory input to the thalamus and altered firing pattern may cause neurons to oscillate within the thalamus. In Section 5, we demonstrated that this bursting activity can propagate to different nuclei within the thalamus.
We will now describe how these rhythmic bursting oscillations make their way to the cortex. Several studies on sleep (Steriade et al., 1993; Steriade, 2005) , as well as on epileptic activity (Steriade, 2005) have demonstrated the capacity of thalamic bursting activity to be transmitted to the cerebral cortex. In fact, it has been clearly demonstrated that sensory, motor, and associative thalamic nuclei have reciprocal projections with the cerebral cortex (Steriade and Llinas, 1988) . As such, thalamic oscillatory activity could be propagated to cortical areas via several projections, including projections to motor and supplementary motor areas from the VL (DeLong and Wichmann, 2009). In addition, burst firing has been shown to activate cortical neurons more efficiently than tonic firing (Hull et al., 2009; Swadlow and Gusev, 2001; Boudreau and Ferster, 2005) . As such, burst firing associated with tremor could be amplified in cortical regions. Using magnetoencephalography, Volkmann et al. (Volkmann et al., 1996) showed that PD-related tremor oscillations were present in cortical areas and that those oscillations were time-locked with peripheral tremor as well as its first harmonic. The study by Volkmann et al. (1996) strongly supports the role of the thalamo-cortical network for PD tremor transmission (Fig. 4) . Interestingly, tremor-related cortical activity may also be fed back into the thalamus via cortico-thalamic pathways (Steriade and Llinas, 1988; Molinari et al., 1985; Granato et al., 1995; Kato, 1990; Luttjohann and van Luijtelaar, 2012 ) that activate inhibitory reticular nucleus neurons (Steriade and Llinas, 1988 ). This may promote or entrain rhythmic bursting within the thalamus. Fig. 3 . Using the ability of the reticular nucleus to enhance and relay bursting activity throughout the thalamus (Huguenard and McCormick, 2007) tremor oscillations could be reinforced through multiple circuits until a tipping point is reached to consolidate PD tremor. Specifically, bursting activity could be reinforced by excitatory input to the reticular nucleus, which then projects inhibitory inputs onto the thalamo-cortical neurons. Collateral divergent and convergent projection neurons would propagate the strong inhibitory output to other thalamic nuclei, hence generating the bursting (oscillatory) activity to neighboring nuclei of the thalamus. In blue; excitatory neural projections. In red, inhibitory projections from the reticular nucleus of the thalamus. Fig. 4 . Tremor-related cortical activity can be observed 1 because of bursting activity within thalamic nuclei.
If tremor is generated within the thalamus, how can we explain the presence of tremor cells in BG nuclei?
First, the striatum, receives afferents from a large portion of the cortical mantle but the "motor striatum" or post-commissural putamen, is primarily targeted by somatosensory and somatomotor cortices (Jones et al., 1977; Webster, 1965; Hattori et al., 1979; Neggers et al., 2015; Mathai and Smith, 2011) . As mentioned in Section 6, the cortical regions receiving thalamic inputs exhibit oscillatory activity within PD-tremor frequency (Volkmann et al., 1996) . The striatum receives inputs from these same regions (Fig. 5) (Volkmann et al., 1996; Timmermann et al., 2003) . Furthermore, the regions of the cortex that exhibit tremor activity also project directly to the STN (Mathai and Smith, 2011; Monakow et al., 1978; Nambu et al., 1996) . As such, the tremorrelated cortical oscillations could be transmitted, as efferent copies, to the striatum and the STN, which could explain the presence of tremor-related oscillations within the BG. Finally, studies have demonstrated the existence of monosynaptic thalamo-striatal (Sadikot and Rymar, 2009; Sadikot et al., 1992a; Sadikot et al., 1990; Sadikot et al., 1992b; McFarland and Haber, 2002) as well as thalamo-subthalamic projections (Sadikot et al., 1992a; Lanciego et al., 2004) which could provide alternative pathways for tremor-related oscillations to be transmitted to the BG. Accordingly, there are multiple channels by which the tremor-related oscillations could enter the BG. These oscillations (efferent copies) could then be transmitted to other nuclei within the BG such as the external component of the GP (GPe) and GPi. Consequently, it is not surprising that neurons oscillating at tremor frequency have been observed within those structures.
So far, in the previous sections, we have provided evidence that the pathological activity of the BG may induce bursting activity of thalamic cells via hyperactivity of inhibitory inputs and altered firing patterns, hence inducing rhythmic bursting activity of thalamic neurons. This oscillatory activity is then reinforced via consolidation of oscillatory activity within the thalamus through internal and external networks, until a tipping point is reached that will generate PD tremor. This tremor is transmitted to the cerebral cortex, which will in turn exhibit oscillatory activity that will be transmitted to the periphery via cortico-spinal tracts. PD-related tremor activity found in BG nuclei could therefore simply represent an efferent copy of either cortical or thalamic activity.
8. How does the cerebellum fit in our "finger-switch-dimmer" model of PD tremor?
We will now address the specific role of the cerebellum within our proposed model. First, several studies have identified that the cerebellum is involved in some fashion in PD tremor (Timmermann et al., 2003; Brittain et al., 2015; Schnitzler and Gross, 2005; Muthuraman et al., 2012; Helmich et al., 2013; Deuschl et al., 1999; Magnin et al., 2000) . In order to better understand the role of the cerebellum in PD tremor, we need to address one specific point; the similarity between voluntary movements and involuntary movements. This is especially relevant since it was proposed some time ago that PD tremor is simply the consequence of the involuntary running of a voluntary motor program (Alberts, 1972) that is ordinarily used for the production of RAM (Parker et al., 1992) . Below are multiple hints that point in this direction.
Clinical and kinematic similarities between tremor and voluntary movements
Several decades ago, Bishop et al. (1948) demonstrated that with a little practice, PD tremor could be mimicked. More recently, Pollok et al. (2004) suggested that the voluntary imitation of tremor and actual tremor in PD patients share the same motor cortical loop. Another study demonstrated that the cortical representations of the basic tremor frequency in the primary sensorimotor cortex and premotor/prefrontal cortex were the same for both tremor and mimicked tremor (Muthuraman et al., 2012) . Taken together, this indicates that this "motor program" can be initiated without the presence of underlying pathology and that pathological movements are based on a preexisting physiological network (Pollok et al., 2009 ). It is well-known clinically that the execution of a voluntary movement will result in the fading of the ipsilateral tremor in many PD patients, while the same movement may increase the contralateral tremor indicating that the "noise" (i.e. tremor) within the motor system may be receptive to voluntary override. Hallett et al. (1977) demonstrated that PD patients with tremor timed their voluntary agonist electromyographic bursts during single rapid voluntary movements so that they coincided with tremor bursts. They then postulated that if single rapid movements were timed with tremor bursts, repetitive rapid movements could be frequency locked to tremor frequencies or their harmonic. This could lead to a hastening of the voluntary movement if the cue frequency was slightly different from the tremor frequency. This was confirmed when Logigian et al. (1991) showed that PD patients could accurately produce voluntary alternating contractions paced by a 1-2 Hz cue, but often hastened when cue frequencies were higher or slightly below tremor frequency. On the other hand, control subjects exhibited no hastening; probably due to the fact that their physiological tremor frequency was almost always higher than their maximal voluntary alternating frequency. This evidence suggests that biomechanically, PD tremor and rapid voluntary movements are closely linked.
Imaging studies of voluntary movements in healthy controls and PD patients
There is an extensive network responsible for the generation of voluntary movements in healthy individuals. For instance, the motor and premotor areas of the precentral gyrus and the premotor supplementary area (SMA) are regions known to be implicated in the execution, programming and elaboration of voluntary movement (Tanji, 1994; Halsband et al., 1993; Marsden et al., 1996) . Specifically for repetitive movements of the hand and finger, sensory-motor and lateral premotor Fig. 5 . Tremor oscillations are also fed back into the BG through multiple sources such as thalamo-striatal, cortico-striatal, and/or cortico-subthalamic pathways, which help propagate tremor cell activity in these structures.
cortices, SMA and cerebellum were reported to be simultaneously active (Chollet et al., 1991; Colebatch et al., 1991; Colebatch et al., 1990; Deiber et al., 1991; Seitz et al., 1990; Fox et al., 1985) . When the movements are self-paced, different imaging studies have shown the involvement of the SMA, pre-SMA, primary motor cortex (M1) and the anterior cingulate cortex (Cui et al., 1999; Erdler et al., 2000; Ikeda et al., 1992; Ikeda et al., 1995) . Studies have also demonstrated the involvement of subcortical structures in the generation of repetitive self-paced movements. For instance, the thalamus showed coherence with the cerebral cortex and muscle activity during rest and sustained movement (Marsden et al., 2000) .
In PD patients, the precentral and postcentral gyri contralateral to movement, the SMA, the ipsilateral cerebellar cortex, and the cerebellar vermis are shown to be activated during movement (Duffau et al., 1996) . These are the same regions involved in the execution of voluntary repetitive movements of the hand in the normal subjects mentioned above Deiber et al., 1991; Friston et al., 1992) . In addition to cortical involvement, movement related potentials associated with hand movements were recorded in the thalamus of PD patients (Paradiso et al., 2004; Rektor et al., 2001a) . Movement related potentials preceding self-paced movement can also be recorded in the STN of PD patients (Paradiso et al., 2003) as well as from the pallidum and caudate (Rektor et al., 2001b) , and putamen (Rektor et al., 2001c) . This suggests that the cortico-BG-thalamo-cortical circuit participates in movement preparation. Additionally, a magnetoencephalography study showed the suppression of the μ rhythm over the somato-motor cortex during PD tremor (Makela et al., 1993) . This effect can normally be observed during voluntary movements in healthy subjects. As such, the authors suggested that the abnormal thalamo-cortical activity in PD patients could drive motor mechanisms which normally produce voluntary RAM. Finally, a recent study demonstrated that beta oscillations within the VL thalamic nucleus were significantly decreased during movement, similar to individuals without movement disorders (Basha et al., 2014) . Interestingly, those oscillations were inversely related to tremor oscillations. Taken together, this indicates that the networks involved in performing voluntary movements in patients with PD are mainly similar to those in healthy individuals, with the exception of some oscillatory characteristics associated with movement.
Imaging studies of PD tremor
Using positron emission tomography (PET), Parker et al. (1992) studied tremor in PD patients with thalamic stimulators. They observed increased activation in the contralateral precentral gyrus, postcentral gyrus, paracentral gyrus, and SMA, as well as bilaterally in the cerebellum when tremor was present. In another study using PET and a L-dopa paradigm, Duffau et al. (1996) demonstrated that the same areas observed by Parker et al. (1992) were again associated with PD tremor. Yet another PET study demonstrated the involvement of the cerebellum in PD tremor genesis (Deiber et al., 1993) . It was later suggested that cerebellar activity is integrated as part of a cerebello-thalamo-cortical pathway in the generation of PD tremor (Timmermann et al., 2003) . In another study examining the effect of thalamic stimulation on PD tremor, Fukuda et al. (2004) found that the change in activity of the primary sensori-motor cortex and SMA were preferentially associated with tremor amplitude while the cerebellum had a stronger relationship to tremor frequency. Magnetoencephalography and electroencephalography studies (Conway et al., 1999; Hellwig et al., 2000) demonstrated significant corticomuscular coupling at tremor frequency and double tremor frequency in PD patients; especially within the motor cortex. Others showed that PD tremor is associated with synchronous oscillatory coupling in a central network comprising M1, primary sensory-motor cortex, secondary somato-sensory cortex, pre-motor cortex, SMA, posterior parietal cortex, and thalamus contralateral to the tremor-dominant hand, and the ipsilateral cerebellum (Timmermann et al., 2003; Pollok et al., 2009 ).
Another magnetoencephalography study (Volkmann et al., 1996) demonstrated the involvement of deep diencephalic, premotor, M1 and somatosensory areas in PD tremor. Taken together, these results indicate that there is a common network of cerebral areas involved in PD tremor and voluntary repetitive movements as discussed above. This also supports the previously proposed hypothesis that PD tremor may be an involuntary running of a motor behavior program (Alberts, 1972) .
Imaging studies directly comparing voluntary movements and tremor in PD patients
The similarities of PD tremor and repetitive voluntary movement activation patterns have also been examined directly; showing again that they share common structures, and pointing towards Alberts' hypothesis considered PD tremor as an involuntary running of a motor behavior program (Alberts, 1972) . For instance, an imaging study demonstrated that the cerebellar vermis was activated during both PD tremor and voluntary movement (Duffau et al., 1996) . Also, a transcranial magnetic stimulation study demonstrated that stimulating over the contralateral motor and premotor cortex interacted with both PD tremor and voluntary RAM of the wrist in healthy controls (Britton et al., 1993) . This led the authors to suggest that the networks generating PD tremor overlap at least partially with those generating voluntary movements.
Summarizing the role of the cerebellum in voluntary movements
We have put forward several lines of evidence demonstrating that voluntary movements and PD tremor share very similar biomechanical properties as well as cortical networks. So, to better understand the role of the cerebellum in our proposed model of PD tremor, we need to understand one of the fundamental roles of the cerebellum in voluntary movements. When movement occurs, the cortical motor areas will send its motor command through descending cortico-bulbar and cortico-spinal pathways (Lemon, 2008) . The cerebellum will receive an efferent copy of this motor command (Wolpert and Miall, 1996; Ramnani, 2006) . When the motor act is executed, proprioceptive and sensory feedback will be transmitted to superior centers, including the cerebellum (Wolpert and Miall, 1996; Ramnani, 2006) . The intended or planned movement will then be compared to the actual limb displacement (Wolpert and Miall, 1996; Ramnani, 2006) . If necessary, the cerebellum will be able to make subtle adjustments to muscle tone through cerebello-bulbo-spinal descending action of spinal cord motor neuron network (Granit et al., 1955) . Accordingly, the cerebellum can be viewed as a comparator, able to make online adjustments during movements. While the role of the cerebellum in voluntary movement is much more complex and still the focus of much research, this simplified view of the role of the cerebellum is adequate and quite convenient. Indeed, if the cerebellum receives an efferent copy of PD tremor oscillations, it is possible that it treats it as any other voluntary movement aimed at producing RAM. If this is the case, the role of the cerebellum in PD tremor may simply be to ensure stable oscillatory properties such as frequency or amplitude. Interestingly, removing sensory feedback through dorsal rhizotomy will not abolish tremor, but will rather render it more variable in amplitude and frequency (Ohye et al., 1970) . This phenomenon could stem from the fact that dorsal rhizotomy prevents the cerebellum from playing its role in attempting to stabilize tremor. Further evidence for the role of the cerebellum in modulating the frequency of PD tremor is a case report of a PD patient having undergone a hemicerebellectomy (Deuschl et al., 1999) . That patient still displayed PD tremor after the surgical intervention but the variability of his tremor was increased. A recent study examining the effect of rhythmic stimulation over the cerebellum again supports its role as a modulator of tremor properties as this intervention altered the timing properties of PD tremor without affecting its amplitude (Brittain et al., 2015) . This reinforcement of tremor can also occur by cerebello-thalamo-cortical pathways, as demonstrated in Fig. 6 . Taken together, this evidence demonstrates that the cerebellum modulates the properties of PD tremor; similar to its role in modulating voluntary movements.
9. The "finger-switch-dimmer" model Based on the aforementioned evidence, we propose to refine the current "switch-dimmer" model of Helmich et al. (2012) by proposing a "finger-switch-dimmer" model where the BG activity induces tremor (finger), the thalamus generates PD tremor oscillations (switch) and the cerebellum considers PD tremor as it would a voluntary movement, trying to modulate its properties (dimmer). This new model is based on the fact that the thalamus is highly sensitive to oscillations, and that VL thalamotomy will not affect voluntary movements, will allow for neuroplastic alterations in proprioception, but will also not allow tremor to re-emerge post-surgery. In fact, the multiple interconnected networks within the brain allowed for the preservation or full recovery of motor and proprioceptive functions, but tremor did not benefit from those redundant networks and neuroplasticity. This is the main fact that leads us to believe that the thalamus is the epicenter of PD tremor generation. The success of a precisely defined, mechanically-induced thalamotomy resides then in the fact that it targets directly PD tremor cells, and interrupts any possibility to transmit those oscillations to other brain structures. In other words the surgery renders the switch inoperative. Our model is not at odds with Helmich et al.'s results (Helmich et al., 2011; Helmich et al., 2012) since in both cases, a change in BG activity is required in order to induce tremor. Where our models differ is in the fact that we propose that a change in BG activity induces changes in thalamic activity, which will ultimately be responsible for generating tremor. Our model also differs in the fact that we propose that the role of the cerebellum is not to participate in a cerebello-thalamic circuit generating tremor, as proposed by Helmich et al. (2011) ), but rather to retain its usual function and compare an efferent copy of a voluntary alternating movement, namely tremor, to sensory information coming from the periphery.
9.1. So how would this model fare when trying to explain the effectiveness of deep brain stimulation or functional stereotactic neurosurgery of other targets in the alleviation of PD tremor?
First, pallidotomy and subthalamotomy, both of which have been shown to alleviate PD tremor (Alvarez et al., 2005; Alvarez et al., 2009; Coban et al., 2009; Gill and Heywood, 1997; Merello et al., 2008; Patel et al., 2003; Su et al., 2003; Tseng et al., 2007; Svennilson et al., 1960; Bronstein et al., 1999; de Bie et al., 2002a; De Bie et al., 2002b; Esselink et al., 2004; Esselink et al., 2006; Hariz and Bergenheim, 2001; Intemann et al., 2001; Samuel et al., 1997; Vitek et al., 2003; Kishore et al., 1997; Laitinen et al., 1992; Lozano et al., 1995) , could prevent the induction of bursting activity within the thalamus through decreased GPi inhibitory activity. A large enough reduction in inhibitory activity towards the thalamus would lead to the alleviation of tremor since it would prevent the induction of rhythmic bursting activity within the thalamus. In this case, the finger would be removed from the switch.
As for the beneficial effects of deep brain stimulation on PD tremor, it is important to note that the mechanisms of action still have to be elucidated. A current hypothesis is that STN stimulation may cause indirect inhibition of pathologic GPi activity (Meissner et al., 2005) . This would "normalize" the BG motor pathway output. In this case, STN stimulation would again reduce the likelihood of inducing bursting activity in thalamic cells, hence removing the finger from the switch. However, Hashimoto et al. (2003) ) have shown that STN stimulation increases the firing rate of GPi neurons which would lead to increased inhibitory activity onto the thalamus. Although this may seem to invalidate our model at first sight, Hashimoto et al. (2003) also observed changes in firing pattern of the GPi after STN stimulation; making it more regular. This could indicate that STN stimulation diminishes misinformation within the noisy GPi signal. Similarly, Hahn et al. (2008) ) observed an increase in firing rate of the GPi with STN stimulation but a significant reduction in burst rate. As mentioned in Section 4, Reitsma et al. (2011) demonstrated that the bursting activity of GPi neurons under pathological conditions induces more bursting activity within the thalamic neurons than tonic GPi activity found under healthy conditions. Therefore, STN stimulation would reduce the likelihood of inducing bursting activity within thalamic neurons by modulating the bursting activity of the GPi. The same mechanism would in theory apply to GPi stimulation as this intervention also increases the firing rate of the GPi while at the same time altering its firing pattern. Again, this would effectively act as pulling the finger from the switch.
To our knowledge, this model is the one that best explains how a variety of interventions in the BG-thalamic network may eliminate tremor.
Conclusion
We presented evidence suggesting that the BG induces PD tremor via excessive inhibitory output to the thalamus and GPi bursting activity that will generate rhythmic bursting activity in thalamic neurons. We presented evidence that the thalamus generates PD tremor by facilitating the generation and consolidation of bursting activity of neurons within its nuclei, and the cortex. Oscillatory activity observed within the BG could stem from the cerebral cortex or the thalamus via direct or indirect connections. We also presented evidence that the cerebellum may modulate characteristics of PD tremor by treating it as if it was a voluntary motor behavior. Accordingly, we propose that PD tremor is induced by abnormal BG activity; it is generated by the thalamus, and modulated or reinforced by the cerebellum. As with other proposed models, this represents a working model on which future experiments and results may be laid, in order to either support or disprove it. Fig. 6 . In the context of evidence suggesting that brain activity related to PD tremor resembles that of fast repetitive movements (Alberts, 1972; Parker et al., 1992) , our model suggests that the cortex also sends efferent copy of cortical oscillations to the cerebellum, which deals with these oscillations as if they were a voluntary motor command; modulating and reinforcing them through the cerebello-thalamo-cortical pathway.
